During corticogenesis, the balance between the self-renewal of radial glial stem cells and the production of their descendent progenitor cells is essential in generating the correct size and cell composition of the neocortex. How the stem-to-progenitor cell transition is regulated is poorly understood. FGFs are commonly implicated in promoting proliferation of neural precursor cells, but it is unclear how they exert their effects on stem cells, progenitor cells, or both in vivo. Here, three FGF receptor genes are simultaneously deleted during cortical neurogenesis. In these mutants, radial glia are depleted due to an increased transition from an uncommitted state to a more differentiated one, initially causing an increase in progenitors, but ultimately resulting in a smaller cortex. The proliferation rate of progenitors themselves, however, is unchanged. These results indicate that FGFs normally repress the radial glia to progenitor cell transition during corticogenesis.
Introduction
Achieving the correct size, shape, and cell composition for a tissue is essential for its optimal functioning. The size and complexity of the neocortex, for example, underlies elaborate behaviors. At the onset of neocortical neurogenesis, neuroepithelial cells become radial glial cells (RGCs), a transition that is in part promoted by Fgf10 (Sahara and O'Leary, 2009) . Whereas neuroepithelial cells divide symmetrically to expand their numbers, RGCs likely act as stem cells that divide increasingly in an asymmetric manner to self-renew and generate restricted intermediate progenitor cells (IPCs) and neurons (Kriegstein et al., 2006; Merkle and AlvarezBuylla, 2006) . When comparing different mammals, the generation of increased numbers of IPCs underlies increased cortical complexity and size (Kriegstein et al., 2006) . Thus the balance between self-renewal and progression to a more restricted state is critical in regulating the number of IPCs and ultimately cortical size. The mechanisms that regulate this progression, however, are poorly understood.
FGF2 is used as a mitogen for cultured cortical precursor cells (Kilpatrick and Bartlett, 1993; Vescovi et al., 1993) . However, precursors cultured with growth factors can change their multipotency, masking their original state in vivo (Doetsch et al., 2002) . Furthermore, infusion of growth factors in vivo can have the same effect (Doetsch et al., 2002) . There are few clear examples of loss-of-function studies demonstrating a role for FGFs in regulating mitotic activity in the developing brain in vivo (Mason, 2007) . In Fgf2Ϫ/Ϫ mice the number of dorsal neuroepithelial cells is reduced to half of the normal number before the start of neurogenesis. Conversely, the injection of FGF2 into embryonic cerebral ventricles produces an increase in cortical size (Vaccarino et al., 1999; Raballo et al., 2000) .
These studies demonstrate the importance of FGF2 for the neuroepithelium, but leave key questions unanswered. First, in Fgf2Ϫ/Ϫ mice the defect in the early neuroepithelium is likely to partly account for the later cortical phenotype, leaving unresolved whether FGFs are needed during neurogenesis to maintain RGCs, IPCs, or both. Second, Fgf2 was deleted from all cells, leaving open the possibility of indirect effects from surrounding non-neural tissue. And third, other FGF ligands are expressed and may function redundantly masking a greater role for FGFs.
Here, to address the issue of indirect effects of surrounding tissues on cortical neurogenesis and to establish a cellautonomous mode of action, FGF receptor rather than ligand genes are deleted in all cortical precursors or in a mosaic pattern. In both cases a conditional genetic approach is used in which Cre-recombination occurs after neurogenesis has started bypassing the requirement for FGF signaling in cortical patterning and neuroepithelial expansion (Raballo et al., 2000; FukuchiShimogori and Grove, 2001; Garel et al., 2003; Paek et al., 2009 ). Moreover, due to potential functional redundancy between both FGF ligands and receptors, all three FGF receptor genes that are expressed in cortical precursors, Fgfr1, Fgfr2, and Fgfr3 are deleted. The consequences of abolishing FGF signaling for RGC self-renewal, IPC proliferation, cell survival, and neuronal differentiation are analyzed in vivo and in vitro. Hébert et al., 2003; Malatesta et al., 2003; Yu et al., 2003) (The Jackson Laboratory, stock 004600). Mice were genotyped by PCR as described previously (Zhuo et al., 2001) . Noon on the day of the plug is E0.5. Control embryos were either hGFAP-Cre negative or heterozygous GFAP-Cre;Fgfr1 flox/ϩ ;Fgfr flox/ϩ ;Fgfr3 ϩ/ Ϫ , neither of which exhibit the phenotypes described in this study.
Materials and Methods
Tissue preparation and histology. Embryos were either embedded freshly in OCT and frozen or fixed overnight in 4% paraformaldehyde, 4°C, cryoprotected in 20% sucrose, and embedded in OCT. Sections (12 m) were stained with 0.1% cresyl violet (Nissl staining). E18.5 coronal sections were selected at three points along the anterior-posterior axis: anterior, located at the point where the corpus callosum crosses the hemispheres and the hippocampal commissure appears; middle, located between the hippocampal commissure and where the medial-lateral habenular and the ventral-lateral thalamic nuclei appear; posterior, located posterior to the ventral-lateral thalamic nucleus.
RNA in situ hybridization. In situ hybridization on frozen sections was performed using 35 S-labeled antisense probes as described previously (Frantz et al., 1994) . Plasmids used to make probes for Erm (ChotteauLelièvre et al., 1997) , Er81 (generous gift from J. Rubenstein, University of California, San Francisco, San Francisco, CA), Hes5 (Akazawa et al., 1992) , Pax6 (Walther and Gruss, 1991) , Svet1 (Tarabykin et al., 2001) , and Cux2 (Quaggin et al., 1996) have been described previously.
Immunohistochemistry and fluorescence microscopy. Immunohistochemistry on cryosections (12 m) of either fresh-frozen or paraformaldehyde-fixed brain tissue were performed according to standard methods with overnight primary antibody incubations at 4°C and 1 h room temperature secondary antibody incubations (Texas Red or FITCconjugated, 1:200, Jackson ImmunoResearch). The primary antibodies that were used are as follows: rabbit anti-PH3 (1:200, Millipore), rabbit TuJ1 (1:200, Covance), mouse anti-PCNA (1:500, Sigma), rat anti-BrdU (1:1000, Oxford Biotechnology), rabbit anti-TBR2 (1:1000, Millipore Bioscience Research Reagents), mouse anti-PAX6 (1:500, Hybridoma Bank), mouse anti-Numb (1:1000, generous gift from Weimin Zhong, Yale University, New Haven, CT), rabbit anti-␤-catenin (1:200, Millipore), rabbit anti-Caspase3 (1:200, Cell Signaling Technology), mouse anti-N-cadherin (1:2, Hybridoma Bank), mouse anti-NeuN (1:100, Millipore), rabbit anti-TBR1 (1:500, Millipore Bioscience Research Reagents), mouse anti-PAR-3 (1:2, Hybridoma Bank), and rabbit anti-OLIG2 (1:400, Millipore). Sections were analyzed with a Zeiss Axioskop2 Plus microscope, except for BrdU/TuJ1 colabeling experiments, which were analyzed with a confocal fluorescence Zeiss LSM 5 Duo Scanner.
BrdU and TUNEL labeling. Pregnant dams received an intraperitoneal injection of BrdU, 100 g/g body weight, 1 h before they were killed. For cell cycle exit assays, pregnant E12.75 or E14.5 females were injected with BrdU, and embryos were collected at E13.5 and E15.5, respectively, and processed for immunohistochemistry. Sections were denatured in 2 N HCl for 1 h at room temperature followed by neutralization in 0.1 M sodium borate, pH 8.5, before incubation with the primary antibody. For double labeling with PCNA or Ki67, before blocking in goat serum, sections were heated in 10 mM sodium citrate at pH 6.0 in a microwave oven for antigen retrieval. Anti-PCNA or anti-Ki67 and the FITCconjugated secondary antibodies were incubated before labeling with BrdU antibody. For double labeling with TuJ1, TBR2, or PAX6, immunohistochemistry was performed using the standard protocol for the respective antibodies followed by labeling with the anti-BrdU antibody. TUNEL staining was performed following the manufacturer's protocol (Roche).
MAP kinase assay. E15.5 posterior cortices were dissected. Cells were dissociated and cultured in 37°C/5% CO 2 for 60 min in DMEM supplemented with N2. Each sample was divided into two tubes and FGF (50 ng/ml) was added to one of the tubes and incubated for 5 min before collecting cells. Cells were resuspended in SDS loading buffer and boiled before Western blot was performed using anti-Erk1/2 (rabbit 1:500, Cell Signaling Technology) and anti-phospho-Erk1/2 (rabbit 1:500, Cell Signaling Technology) antibodies.
In utero electroporation. The Cre recombinase coding sequence was subcloned in a pCAG expression vector upstream of an IRES-GFP cassette. The pCAG-GFP construct was used as control vector. The vectors were delivered into the lateral ventricle of E13.5 telencephalons in vivo using a glass micropipette. In utero electroporation was performed as previously described (Bultje et al., 2009 ). Embryos were collected at E15.5 for immunohistochemistry.
Cumulative BrdU labeling. Cumulative BrdU labeling was performed by repeated intraperitoneal injections of E15.5 pregnant females performed at 3 h intervals with 3 mg BrdU/injection. Mice were killed 30 min after the last BrdU injection (except for the 1 h time point, which was 60 min) and embryos were collected for anti-BrdU immunostaining of sections through the dorsal telencephalon. The labeling index for each time point was determined as the proportion of BrdUϩ cells with respect to the precursor pool (PCNAϩ cells). T c (cell cycle length) and T s (sphase length) were estimated according to the method previously described (Nowakowski et al., 1989) .
Neurosphere assay. Neurospheres were derived from mechanically dissociated single cells from posterior cortices of E13.5 embryos. Ten thousand cells per milliliter were plated in 96-well (100 l/well) and 6-well (3 ml/well) uncoated plates in basal serum-free media (DMEM/F12 supplemented with N2, B27, glutamine, and 1% pen/strep) containing heparin (2 g/ml) and either FGF2 (20 ng/ml), EGF (20 ng/ml), or both. Primary neurospheres were passaged after 4 -5 d to form secondary neurospheres and cultured for 5-6 additional days. BrdU (3 g/ml) was added to the culture 1.5 h before collecting and fixing neurospheres in 4% PFA for 30 min at room temperature. Neurospheres were sunk in 20% sucrose and embedded in OCT for cryosectioning and immunostaining.
Quantification and statistical analysis. Fluorescent images were captured on a Zeiss Axioskop2 Plus fluorescence microscope with Axiovision version 4.4 software or Zeiss LSM 5 Duo confocal microscope with LSM image browser. All the measurements were done using sections that match the same anterior-posterior level of control and mutant littermate brains. The statistical analysis was performed using Student's t test. Both hemispheres of at least three matching sections from each brain were used for measurement and compared between mutant and control littermates using more than one litter. Except for phosphohistone-H3ϩ cells (see below), cells were counted within a radial segment containing ϳ200 Hoechstϩ cells spanning from the ventricular surface to the pia (not included). The radial segments are centered midway between the pallialsubpallial ventricular zone (VZ) boundary and the dorsalmost bend of the cortical VZ at the interhemispheric fissure. PH3ϩ cells were counted along the whole length of the dorsal ventricle in both hemispheres from four matched sections from the posterior telencephalon and normalized to the length of the ventricular surface. To count the number of BrdU-labeled PAX6ϩ and TBR2ϩ cells, cells were counted in an ϳ100-m-wide radial segment of the entire cortical thickness (normalized to 100 m).
The length of the cortical surface of the lateral ventricle was determined in Nissl-stained sections by measuring the distance as shown between the arrows in Figure 2 B. At least five sections spanning from anterior to posterior regions and both hemispheres of each section were measured and compared between control and mutant brains from three pairs of littermates. The thickness of the cortex was measured from a similar set of sections as described for the ventricular length above. The position corresponds to the bars shown in Figure 2 B (midway between the pallial-subpallial VZ boundary and the dorsalmost bend of the cortical VZ at the interhemispheric fissure) and the measurement spans from the surface of the ventricle to the pia. The thickness of the proliferative zone was also determined in Nissl-stained coronal brain sections. The measurement was performed again midway between the pallialsubpallial VZ boundary and the dorsal VZ bend. At least three sections and both hemispheres from each of the anterior, medial, and posterior telencephalon regions were used. The thickness of the neuronal layer (TuJ1 immunostaining) was determined in the same position using a similar set of sections.
Quantitative RT-PCR. The dorsal telencephalons from E13.5 embryos were used to extract total RNA. Two mutants and two controls were used in each case. Standard RT-PCR was performed using primers for GAPDH, Tbr2, Cux2, Svet1, and Pax6 mRNA and amplification was performed for 27, 30, 33, 36, and 39 cycles within the same PCR run. Equal amounts of cDNA were used for both control and mutant samples. After electrophoresis, the products were analyzed by ImageJ software. Relative intensity of each band was calculated using the GAPDH band from the same PCR cycle as a standard.
Results

hGFAP-Cre-mediated deletion of FGF receptor genes leads to loss of FGF signaling
FGFs are a family of 22 ligands which signal through four tyrosine kinase receptors (Dono, 2003; Mason, 2007) . To directly investigate the roles of FGF signaling in regulating corticogenesis, Fgfr1, Fgfr2, and Fgfr3 were deleted specifically in cortical precursor cells after the onset of neurogenesis in mice. Since Fgfr4 expression is not detected in the neocortical precursors throughout development ( Fig. 1 D and data not shown), simultaneously knocking out Fgfr1, 2, and 3 should lead to a complete loss of FGF signaling. Mice carrying an hGFAP-Cre transgene were used to conditionally knock out Fgfr1 and Fgfr2 in an Fgfr3-null background ( Fig. 1 A) . The hGFAP promoter directs expression of Cre recombinase specifically in precursor cells of the dorsal telencephalon and cerebellum starting at ϳE13 resulting in recombined floxed alleles in most or all precursor cells and their progeny from this developmental stage forward (Zhuo et al., 2001; Malatesta et al., 2003) . This approach allows us to bypass the requirements for FGF signaling in earlier patterning events (Mason, 2007) and focus on its requirement in cortical neurogenesis, specifically in distinguishing the roles of FGF signaling in RGCs versus IPCs.
The hGFAP-Cre;Fgfr1 fx/fx ;Fgfr2 fx/fx ;Fgfr3 Ϫ/ Ϫ mutants (henceforth referred to as Fgfr triple mutants) are recovered at the expected Mendelian ratio until E18.5 but die perinatally. To determine the efficiency of recombination, RNA in situ hybridization analysis using Fgfr1 and Fgfr2 probes complementary to the sequences between the loxP sites was performed for E12.5, E13.5, and E15.5 embryos. At E12.5, expression of Fgfr1 and Fgfr2 was unaffected, and no phenotype could be detected (supplemental Fig. 1 (Minowada et al., 1999; Münchberg and Steinbeisser, 1999; Raible and Brand, 2001 ), was examined. At E13.5, expression of Erm is specifically absent from the dorsal telencephalon of Fgfr triple mutants (supplemental Fig. 2C , available at www.jneurosci. org as supplemental material). At E15.5, expression of both Erm and Er81 is detectable throughout the telencephalic proliferative areas in control embryos, whereas in the Fgfr triple mutants, it is lost from the dorsal telencephalon and maintained ventrally ( Fig.  1G ,H ). Moreover, consistent with a loss of FGF signaling in cortical precursor cells, dissociated E15.5 cortical cells from controls respond to FGF2 by phosphorylating ERK (MAPK) in culture, whereas mutant cells fail to do so ( Fig. 1 I) .
Loss of FGF signaling leads to a smaller cortex and a thinner proliferative area
For the experiments described below, no significant differences could be observed between triple heterozygous hGFAP-Cre; Fgfr1 ϩ/fx ;Fgfr2 ϩ/fx ;Fgfr3 ϩ/ Ϫ mice and mice that did not carry hGFAP-Cre, which are functionally wild type ( Fig. 2 F and data not shown). Therefore, for the analyses described below, "control" refers to either triple heterozygous littermates or littermates that are hGFAP-Cre negative.
Cresyl violet staining of sections reveals that although the gross morphology of the Fgfr triple mutant neocortex is normal at E18.5, the size of the hemispheres appears reduced compared with that of control littermates (Fig. 2 A) . More specifically, a significant reduction in the length of the ventricular surface along the dorsolateral axis and in the radial thickness of the cortex is observed (Fig. 2 B, C) . Unlike the Fgfr triple mutant, all three combinations of Fgfr double mutants appeared normal in size (data not shown), suggesting that the three FGF receptors can compensate for each other with respect to regulating cortical size.
One possible cause of the reduced cortical size in the E18.5 Fgfr triple mutants is a reduction in the number of precursor cells. Consistent with this possibility, the combined thickness of the two proliferative layers, the VZ and subventricular zone (SVZ), which cannot be readily distinguished by cresyl violet staining, is significantly reduced chiefly in the posterior cortical regions (Fig. 2 D-F ) . The reason for the more apparent phenotype in the posterior regions is not clear, but may reflect a gradient in Fgfr expression or function or perhaps more likely the normal anterior-posterior developmental gradient of corticogenesis (Bayer and Altman, 1987) . Nevertheless, we focused subsequent analyses on mid to posterior regions. Remarkably, a sharp demarcation in the thickness of the proliferative layers of the cortex and of the ventral telencephalon was observed (Fig. 2 E,  arrowhead) , presumably due to the loss of FGF receptors specifically in the dorsal telencephalon.
FGF signaling is required to maintain the number of RGCs but not IPCs
To examine whether the reduced thickness of the cortical proliferative zone observed at E18.5 is due to an earlier reduction in the numbers of RGCs, IPCs, or both, we first examined markers for RGCs and IPCs by 35 S-RNA in situ hybridization. The RGCs, which likely act as stem cells during neurogenesis and whose cell bodies form the VZ, are marked by expression of Pax6 and Hes5 (Englund et al., 2005) . At E13.5, the radial thickness of Hes5 and Pax6 expression in Fgfr triple mutants is similar to that observed in control embryos (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material). In contrast, at E15.5, the thickness of the Hes5 and Pax6 expression domain is markedly reduced in the mutant dorsal telencephalon (Fig. 3A-C) . Cux2 and Svet1 expression mark the SVZ, in which reside the cell bodies of the IPCs but not the RGCs (Tarabykin et al., 2001; Zimmer et al., 2004) . Cortical expression of these markers is similar at E13.5 in both controls and mutants by in situ hybridization analysis (data not shown), although an increase is detected by semiquantitative PCR (supplemental Fig. 2 D, E , available at www.jneurosci.org as supplemental material). At E15.5, the thickness of the expression domains for Cux2 and Svet1 is also similar (Fig. 3 D, E) , although there may be a slightly thicker domain of expression in the mutant (Fig. 3F ) . These results suggest that FGF signaling is required to maintain the numbers of RGCs but does not directly affect IPCs.
To quantify and confirm these findings, we first performed immunostaining for RGCs using an anti-PAX6 antibody and for IPCs using an anti-TBR2 antibody (Englund et al., 2005) . At E13.5, the number of PAX6ϩ cells was significantly decreased by ϳ30% in the mutant dorsal telencephalon compared with controls (Fig. 4 A) (92.0 Ϯ 6.8 SE PAX6ϩ cells/100 m of ventricular surface in mutants compared with 125.2 Ϯ 6.0 in controls, p ϭ 0.001). Although RNA in situ hybridization with a Pax6 probe failed to reveal this decrease (above), this is presumably due to the scattered 35 S signal and the inability to count Pax6-expressing cells (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). At E15.5, there was an even greater loss of PAX6ϩ cells in the mutant (ϳ60% decrease) (Fig. 4C ) (56.1 Ϯ 2.5 PAX6ϩ cells/100 m in mutants and 146.8 Ϯ 5.0 in controls, p ϭ 0.0001), in accordance with the RNA in situ results (Fig. 3C) . Conversely, the number of TBR2ϩ cells, which are generated from PAX6ϩ cells, was found to be ϳ40% higher at E13.5 and slightly higher at E15.5 in the Fgfr triple mutant compared with controls ( Fig. 4 B, D ) (E13.5: 103.5 Ϯ 5.5 TBR2ϩ cells/100 m in mutants compared with 68.5 Ϯ 3.9 in controls, p Ͻ 0.0001; E15.5: 108.3 Ϯ 4.7 in mutants and 96.3 Ϯ 3.5 in controls, p ϭ 0.03). Consistent with this, the number of basal PH3ϩ cells, presumably IPCs undergoing mitoses, is significantly increased at E13.5 and only slightly increased at E15.5 (supplemental Fig. 3 , yellow bars, available at www.jneurosci.org as supplemental material) (E13.5, 21% basal/total for control, 33% for mutant, p ϭ 0.005; E15.5, 19% for control, 24% for mutant, not significant). In ad- dition, the percentage of TBR2ϩ cells incorporating BrdU after a 1 h pulse is the same in controls and mutants at E15.5 (supplemental Fig. 4 A-C, available at www.jneurosci.org as supplemental material), suggesting that FGF signaling is not required to maintain the proliferation of IPCs. Second, to further quantify expression levels, we performed semiquantitative RT-PCR for Pax6, Tbr2, Cux2, and Svet1 at E13.5 and found that consistent with the results above, Pax6 mRNA is detectably decreased whereas Tbr2, Cux2, and Svet1 are increased in the mutant compared with control (supplemental Fig. 2 D, E, available at www. jneurosci.org as supplemental material). Together, these results demonstrate a requirement for FGF signaling in maintaining RGCs, but not IPCs.
FGF signaling is required to maintain the self-renewal of neurosphere-forming cells
To examine the properties of control and Fgfr triple mutant cells in culture, cells from the posterior regions of E13.5 cortices were dissociated and cultured in the presence of EGF, FGF2, or EGF and FGF2. Control cells gave rise to larger and more primary neurospheres in response to FGF2 than triple Fgfr mutant cells (Fig. 5) . Importantly, zero secondary neurospheres could be derived from the mutant primary neurospheres treated with FGF2, whereas these were readily derived from the control primary neurospheres (data not shown), suggesting that FGF signaling is required for self-renewal or maintenance of stem-like cells in culture. The nature of the control and mutant neurospheres treated with FGF2 also differed, with mutant neurospheres containing far fewer BrdUϩ cells and more TuJ1ϩ cells compared with controls (supplemental Fig. 5 A, B , available at www. jneurosci.org as supplemental material), consistent with precursor cells progressing to a more differentiated state. EGF on its own had little effect on control cells, but when it was provided in combination with FGF2 it increased the size, but not the number, of primary neurospheres (Fig. 5) . EGF on its own or with FGF2 also had little effect on mutant cells. It was not possible to detect the expression of Pax6 or Tbr2 in either control or mutant neurospheres treated with FGF2, per- haps because they are ventralized based on expression of Olig2 (supplemental Fig.  5C , available at www.jneurosci.org as supplemental material) (Hack et al., 2004) , a ventral telencephalic marker (Takebayashi et al., 2000) . This is consistent with a role for FGFs in ventralizing telencephalic precursor cells in vivo (for review, see Hébert and Fishell, 2008) . Nevertheless, the reduced number of mutant primary neurospheres and the absence of any FGFderived secondary neurospheres suggest that FGFs are required to maintain stem-like cells in vitro, similar to their requirement in maintaining RGCs in vivo. Moreover, the lack of a difference in the size or the number of EGF-treated neurospheres between mutants and controls as well as the increase in the size but not the number of control neurospheres treated with FGF2ϩEGF compared with FGF alone suggests that, whereas FGF signaling maintains stem (or neurosphere-forming) cells, EGF promotes the proliferation of more restricted progenitors.
RGC survival, organization, and cell cycle length appear normal in Fgfr mutants
To determine the cause of the reduced number of PAX6ϩ VZ cells in the Fgfr triple mutants, we examined several mechanisms that could account for their loss. The first is that FGF signaling may be required for the survival of RGCs, as is the case for all early (E9) telencephalic precursor cells (Paek et al., 2009 ). Both TUNEL analysis and Caspase 3 immunostaining revealed no differences between Fgfr triple mutants and controls in the number of apoptotic cells in the E13.5 and E15.5 dorsal telencephalon, which was very low in all cases (data not shown). Therefore, FGF signaling is not required for cell survival at these stages.
A second possibility is that the cell cycle length is increased in Fgfr mutant cells, leading to a slower rate of self-renewal. However, a cumulative BrdU incorporation experiment revealed that the cell cycle and the S-phase lengths for PCNAϩ cortical cells are similar in E15.5 controls and mutants (Fig. 6 ) with cell cycle times of 20.6 and 21.0 h for controls and mutants, respectively, and S-phase lengths of 7.8 and 7.7 h, respectively [note that previous measurements indicated a shorter cell cycle time of 15.1 h and an S-phase length of 3.1 h (Takahashi et al., 1993) , which may differ from the results presented here because we used E15.5 rather than E14.5 and the quantification method we used includes all PCNAϩ cells in a radial column rather than only cells within a certain distance from the ventricle]. Moreover, despite a decrease in the absolute number of PAX6ϩ VZ cells (Fig. 4 A, C) , the percentage of PAX6ϩ cells that incorporate BrdU at E15.5 is unchanged (supplemental Fig. 4 D-F , available at www.jneurosci. org as supplemental material), suggesting that the proliferative index for these precursors is unchanged. The finding that the proliferative kinetics for all precursors and the percentage of PAX6ϩ cells that incorporate BrdU are both unchanged is consistent with there also being no change in the fraction of TBR2ϩ cells that incorporate BrdU (supplemental Fig. 4 A-C, available at www.jneurosci.org as supplemental material). Therefore, the cell cycle length of RGCs is unlikely to be affected, similar to the lack of any difference in cell cycle kinetics for Fgf2Ϫ/Ϫ mutant neuroepithelial cells (Vaccarino et al., 1999) .
A third possibility is that the organization of RGCs along the ventricle is disrupted in the al., 2006) . To examine whether loss of FGF signaling perturbs the structural organization of the VZ, we examined the distribution of the adherens junction molecules N-cadherin and ␤-catenin, and the polarity determinants Numb and Par3 (Zhong et al., 1996; Lin et al., 2000; Takeichi, 2007) at E13.5 and E15.5 by immunohistochemistry. The distribution of these proteins in the Fgfr triple mutant was similar if not identical to that in controls (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material; and data not shown), suggesting that the structure of the VZ upon loss of FGF signaling is intact. Consistent with this, in the mutant telencephalon at E13.5 and E15.5, most M-phase nuclei (phospho-histoneH3ϩ) localized normally to the ventricular surface (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
FGF signaling inhibits RGCs from progressing into IPCs or neurons
Another possible explanation for the observed decrease in the number of RGCs is that FGF signaling is required to maintain these cells in a stem-like state and inhibit their progression toward more differentiated states such as IPCs and neurons. If this is the case, then shortly after loss of FGF signaling we would expect an initial and premature increase in the number of IPCs and/or neurons in the mutants compared with controls. At later stages a decrease in IPCs and neurons would be expected as the decrease in stem cells eventually translates to fewer overall differentiated progeny. Our data confirm this explanation.
At E13.5 there is a ϳ40% increase in the number of TBR2ϩ IPCs in mutants compared with controls (Fig. 4 B) . To test whether this increase is due to newly generated IPCs, BrdU was administered 16 h before collecting the embryos at E13.5. Colabeling for TBR2 and BrdU revealed a ϳ30% increase in the percentage of double-positive TBR2/BrdU cells in mutants (Fig. 7A ) (44.9 Ϯ 3.2 SE % BrdUϩTBR2ϩ/BrdUϩ cells in mutants compared with 34.6 Ϯ 2.9% in controls, p Ͻ 0.02), indicative of an initial premature increase in the production of IPCs. This increase probably underrepresents the effect of losing FGF signaling because at the time of BrdU administration (ϳE12.75) some cells may not have lost signaling yet. Nevertheless, there is an unambiguous increase in newly born IPCs.
At E15.5, with an administration of BrdU 24 h before collecting the embryos, the percentage of TBR2ϩBrdUϩ colabeled cells is increased by ϳ75% in mutants compared with controls ( Fig.  7B ) (39.4 Ϯ 2.2% BrdUϩTBR2ϩ/BrdUϩ cells in mutants compared with 22.8 Ϯ 1.5% in controls, p Ͻ 0.0001). The absolute number of TBR2ϩ cells at this stage, however, is only modestly increased (ϳ15%) (Fig. 4 D) , consistent with the idea that although RGCs are increasingly prone to generate IPCs as they lose FGF signaling, the absolute number of IPCs generated is gradually decreasing as PAX6ϩ RGCs quickly become depleted in the mutant (ϳ60% depletion by E15.5) (Fig. 4 ; see also Fig. 3C) .
Despite an overall decrease in the size of the cortical plate by E18.5 (Fig. 2) , an early increase in the production of postmitotic neurons is observed at E13.5. To quantify the number of postmitotic cells being generated, BrdU was administered 16 and 24 h before collecting E13.5 and E15.5 embryos, respectively. Sections were labeled with BrdU and PCNA or BrdU and Ki67, another marker for cycling cells. The percentage of BrdUϩKi67Ϫ or BrdUϩPCNAϪ cells over the total number of BrdUϩ cells, which is the fraction of cells exiting the cell cycle, is increased by ϳ85% and ϳ75% at E13.5 and E15.5, respectively, in the mutants compared with controls (Fig. 7C,D) (E13.5: 27.7 Ϯ 4.5 SE % BrdUϩKi67Ϫ/BrdUϩ cells in mutants compared with 15.2 Ϯ 2.3% in controls, p Ͻ 0.02; E15.5: 40.1 Ϯ 1.9% BrdUϩPCNAϪ/ BrdUϩ cells in mutants and 23.5 Ϯ 1.6 in controls, p Ͻ 0.0001). This increase in cell cycle exit is accompanied by an early increase in neuron production. Both the absolute thickness of the neuronal layer, marked by TuJ1 staining, and the number of neurons, marked by staining for TBR1, are significantly increased in the mutants compared with the controls at E13.5 (supplemental Fig.  7 A, B , available at www.jneurosci.org as supplemental material). By E15.5, although the fraction of neurons generated from precursors within the previous 24 h (BrdUϩTuJ1ϩ/BrdUϩ cells) remains high in the mutant compared with controls (supplemental Fig. 7E , available at www.jneurosci.org as supplemental material), the absolute thickness of the neuronal layer and the number of neurons (NeuNϩ) in the mutants is already slightly diminished or similar compared with controls (supplemental Fig.  7C ,D, available at www.jneurosci.org as supplemental material). Together these data indicate that the decrease in RGCs observed in the Fgfr triple mutants is due to an increase in their progression toward a more differentiated state, resulting in an early increase in IPCs and neurons followed by an eventual overall decrease in their numbers due to stem cell depletion.
FGF signaling acts cell-autonomously to maintain RGCs
To test the hypothesis that the Fgfr genes are required cell-autonomously to maintain RGCs, a mosaic analysis was undertaken. Using in utero electroporation of a Cre-GFP plasmid into E15. Two days after E13.5 electroporations, the percentage of GFPϩ cells that are also PAX6ϩ or BrdUϩ is significantly reduced with Cre-GFP compared with GFP alone (Fig. 8) . Conversely, the percentage of GFPϩ cells that are also TBR2ϩ or TBR1ϩ is significantly increased with Cre-GFP compared with GFP (Fig. 8) . Surrounding GFPϪ cells, however, are unaffected in all cases. Therefore, only cells which express Cre and are likely mutant for all three receptors show a change in fate, demonstrating a cell-autonomous role for Fgfr genes in maintaining RGCs.
Discussion
In this report, three FGF receptor genes were conditionally deleted, leading to the loss of FGF signaling specifically in the dorsal telencephalon. Loss of signaling in these mutants occurs once neurogenesis has started allowing us to bypass its essential roles in patterning and expanding the cortical neuroepithelium at earlier ages. Our results provide evidence that, as for cell-intrinsic fate determinants such as CBF1 and Cdc42 for example (Cappello et al., 2006; Mizutani et al., 2007) , extracellular signals regulate not simply the proliferation or survival of RGCs as previously shown, but specifically their progression to IPCs during neurogenesis in vivo.
During the development of any tissue, a balance between the self-renewal of stem cells and their progression to more differentiated states is critical in obtaining the correct size and cell composition of the final product. Hence an understanding of the factors that regulate this balance is key. Lineage tracing and real time imaging approaches have shown that cortical neuroepithelial cells divide exclusively in a symmetric mode before neurogenesis, expanding the neuroepithelium, and then become RGCs and divide increasingly in an asymmetric mode once neurogenesis begins, giving rise to another RGC and either a neuron or an IPC (Noctor et al., 2004; Götz and Huttner, 2005) . IPCs themselves mainly divide symmetrically giving rise to neurons. Our data indicate that loss of FGF signaling during neurogenesis does not directly affect the proliferation of TBR2ϩ IPCs, but results specifically in a decrease in the number of PAX6ϩ RGCs due to an increased rate of progression to more differentiated states. Compared with controls, in the early Fgfr triple mutant (E13.5-E15.5), there is a greater production of IPCs and neurons as the number of RGCs is decreasing, indicating that RGCs are progressing to IPCs in greater numbers. Ultimately, due to the depletion of PAX6ϩ RGCs, their progeny also become fewer as evidenced by a smaller cortex at E18.5. The higher rate of progression of RGCs to IPCs does not appear to be due to a disruption of the VZ structure. Moreover, a similar result is observed in cultured mutant neurospheres. Together, our data implicate FGF signaling in cell-autonomously maintaining the self-renewal of PAX6ϩ VZ cells and inhibiting their conversion to a more committed SVZ fate. Since in the Fgfr triple mutants there is an abnormal early increase in the number of both IPCs and neurons concurrently, it remains unclear from our experiments what fraction of the additional neurons results directly from RGCs prematurely exiting the cell cycle to differentiate and what fraction results indirectly from the increased number of IPCs, which then differentiate into neurons.
Previous studies indicated that loss of Fgf2 results in a ϳ50% decrease in cortical precursor cells before the onset of neurogenesis, and it was suggested that this decrease may be due to stem cells becoming quiescent (Vaccarino et al., 1999; Raballo et al., 2000) . Evidence from our study, however, indicates that once neurogenesis has started the diminished numbers of Fgfr mutant radial glial stem cells result from their premature progression along the differentiation lineage rather than their entrance into quiescence. Namely, upon loss of FGF signaling, rather than a decrease in the number of IPCs and neurons which would occur concurrently with radial glia becoming quiescent, there is an initial increase in the numbers of newly born IPCs and neurons, indicative of premature differentiation. These findings are nevertheless reconcilable if FGF signaling functions to inhibit entrance into quiescence before neurogenesis and inhibits progression along a differentiation pathway once neurogenesis starts. In both cases, there would be an eventual depletion in neuronal numbers later in development and decrease in cortical size, as observed (Fig. 2) (Raballo et al., 2000) .
In normal embryos, the FGF-responsive genes Erm and Er81 appear to be specifically expressed in the telencephalic VZ, with little or no expression in the SVZ (Fig. 1) . This suggests that FGF signaling may only be active in VZ cells, i.e., radial glial cell bodies, and that the downregulation of FGF signaling may be required for the transition from radial glia to progenitor cell during cortical neurogenesis. This implies that other factors that are yet to be identified must act to counteract FGF signaling in establishing the balance between radial glial self-renewal and progression to an IPC fate.
The function of FGF signaling in maintaining the self-renewal and undifferentiated state of cortical stem cells is reminiscent of its role in the spinal cord stem zone. A balance between opposing FGF and retinoic acid (RA) signals regulates the onset of differentiation in this tissue (Diez del Corral and Storey, 2004) . While RA drives differentiation in part by inhibiting Fgf8 expression, FGF signaling in turn inhibits retinoid synthesis to preserve the precursor cell pool in the stem zone (Diez del Corral and Storey, 2004) . It is likely that similar mutually inhibitory mechanisms also act in the developing cortex, but whether or not they involve RA or other potential differentiation factors, such as BMPs or neurotrophins (Ghosh and Greenberg, 1995; Li et al., 1998) , remains unknown.
Many factors, including transcription factors, miRNAs, chromatin remodeling enzymes, cell polarity determinants, and extracellular factors, have been implicated in maintaining neural stem cell self-renewal or neural precursor cell proliferation [for review, see Doe (2008) and Shi et al. (2008)] . Only a few studies have examined what regulates the stem cell to progenitor cell transition (Cappello et al., 2006; Mizutani et al., 2007; Quinn et al., 2007; Arnold et al., 2008; Sessa et al., 2008; Gauthier-Fisher et al., 2009) . Numb, as an asymmetrically localized intracellular fate determinant, is of particular interest and is essential in regulating the balance between self-renewal and differentiation of cortical stem cells by promoting cell cycling (Zhong et al., 1996; Petersen et al., 2002 Petersen et al., , 2004 . During normal development, FGF signaling could convey to stem cells in a permissive manner the potential to remain undifferentiated, while unequal inheritance by daughter cells of intrinsic factors such as Numb or Numbl would play a more instructive role. Conversely, even though FGF signaling does not appear to be required to regulate Numb localization (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material), it may still play a more active role in regulating Numb activity.
FGF signaling appears to be continuously required for telencephalic and cortical development. However, its functions change depending on the developmental stage. At the time of initial telencephalon formation, simultaneous deletion of all three FGF receptor genes results in ablation of the telencephalon due to massive cell death (Paek et al., 2009) . At this stage, FGF signaling probably also induces a telencephalic cell fate and patterns the telencephalon (Hébert and Fishell, 2008; Paek et al., 2009 ) and then the neocortex (Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003) . Before neurogenesis, FGF2 (and perhaps others) appears to directly maintain the proliferation of telencephalic neuroepithelial cells (Vaccarino et al., 1999; Raballo et al., 2000) . Fgf10 then promotes the transition of neuroepithelial cells to RGCs at the onset of neurogenesis, at least in rostral areas (Sahara et al., 2009 ). The results presented here demonstrate that FGF signaling is subsequently required once neurogenesis starts to inhibit radial glial stem cells from progressing to a more differentiated state without directly affecting intermediate progenitors. Unlike at the stage of initial telencephalon formation, simultaneous deletion of all three FGF receptor genes during neurogenesis does not result in cell death. The different stagespecific requirements for FGF signaling may reflect either changes in the environment of the precursor cells or changes inherent to the cells themselves. It is of interest to identify the underlying causes for the differing stage-specific responses.
